Sensory irritation of eyes and upper airways is an important endpoint for setting occupational exposure limits (OELs) and indoor air guidelines. Sensory irritants cause a painful burning, stinging and itching sensation. Controlled chamber studies are the "golden standard" for evaluations. Well conducted workplace studies offer another possibility. For generalization, the number of participants and their age, smoking, gender, and prior exposure, experience and mood has to be considered. Exposure assessments have to be reliable and exposure duration sufficiently long to establish time-response relationships. A potential confounding by odour has to be assessed. For workplace exposures, mixed exposure and healthy worker effects have to be evaluated. The "Alarie test" is the only validated animal bioassay for prediction of sensory irritation in humans. The mouse bioassay uses the trigeminal reflex-induced decrease in the respiratory rate. The 50% decrease (RD 50 ) has been correlated with OELs set for sensory irritants; predicted OELs for sensory irritants are 0.03xRD 50 . Evaluation of the bioassay comprises the number of mice and the strain, the reliability of the exposure concentrations and exposure-response relationships, and the similar mode-of-action in mice and humans. These approaches can be used for quality assurance of reported data to set air quality guidelines.
Introduction
Sensory irritation of the eyes and nose is one of the most frequently used endpoints for setting of occupational exposure limits (OELs), accounting for about 40% of all OELs (Brüning et al., 2014) . Examples of such OELs are for butyl acetates (SCOEL, 2016a) , formaldehyde (SCOEL, 2016b) and trimethylamine (SCOEL, 2017) . Also, an OEL has been proposed for peroxyacetic acid where the critical effect was considered to be sensory irritation (Pechacek et al., 2015) .
For evaluation of indoor air exposures, the World Health Organization has set an indoor air quality guideline value for formaldehyde where the critical effect is sensory irritation (WHO, 2010) . Sensory irritation symptoms may be elevated in "problem buildings" (Shusterman et al., 2003; Shusterman, 2014) . For instance, in a large European study in 8 countries the average prevalence of eye symptoms was 34% among office workers (Bluyssen et al., 2016) . Complaints may be due, among others, to combustion products (Shusterman, 2014; Zhang and Smith, 2003) , which are potent sensory irritants (Shusterman et al., 2003) ; however, symptom reporting may be influenced also by perception of the odour, air quality and personal factors (Dalton and Ja en, 2010) . Further, reaction products from mixtures of ozone and terpenes as aldehydes (e.g. formaldehyde), ketones, organic acids and peroxides may be sensory irritants (Rohr, 2013) ; it is still not entirely clear to what extent their concentrations in indoor air may contribute to symptom reporting, possibly in combination with other environmental, occupational and personal risk factors (Wolkoff, 2013 (Wolkoff, , 2017 . Sensory irritation is also an important endpoint for setting outdoor air standards (c.f. Kuwabara et al., 2007) .
The European chemical legislation (REACH) pays attention to the human sensory irritation endpoint. Thus, "respiratory tract irritation is considered under the CLP [classification, labelling and packing of substances and mixtures] regulation", where "respiratory tract irritation is often used to describe either or both of two different toxicological effects, sensory irritation and local cytotoxic effects" (ECHA, 2017, p. 185) . Furthermore, "good quality and relevant human data have precedence over other data. ---Human data demonstrating respiratory tract irritation are used primarily for classification for Specific Target Organ Toxicity of Single Exposure (STOT SE), Category 3 (H335: "May cause respiratory irritation") under CLP. Such effects are characterized by localised redness, oedema, pruritus and/or pain and they impair function with symptoms such as cough, pain, choking, and breathing difficulties. Subjective human observations could be supported by objective measurements of clear respiratory tract irritation (such as electrophysiological responses, biomarkers of inflammation in nasal or bronchoalveolar lavage fluid" (ECHA, 2017, p. 242) . Several of the symptoms in question seem closer to sensory irritation than to cytotoxic effects, see symptoms below. Since ECHA (2012) sets Derived No-Effect Levels (DNELs), which may be considered a type of OELs, the short description without specific evaluation principles are surprising taking into account the detailed evaluation principles applied for other endpoints.
Typically, severe sensory irritating effects are known from exposures to tear gases and high concentrations of industrial compounds as formaldehyde, hydrogen chloride, sulphur dioxide (SO 2 ) and ammonia (NH 3 ) (Alarie, 1973) ; the high concentrations cause painful burning, stinging and itching sensations (Alarie, 1973; Doty et al., 2004) . However, at low concentrations non-adverse effects may be observed as merely freshness or cooling (Doty et al., 2004) .
Sensory irritation of the upper airways is a neurogenic induced effect caused by activation of the trigeminal (V cranial) nerve endings in the eyes and the nose by airborne compounds (Alarie, 1973; Nielsen, 1991; Doty et al., 2004; Bessac and Jordt, 2008; Shusterman, 2014) . The activated nerves are C and A d fibres (Doty et al., 2004; Benemei et al., 2015) , which mediate pain (Julius and Basbaum, 2001 ). Sensory irritation is receptor mediated processes (Alarie, 1973; Nielsen, 1991; Nielsen et al., 2007) , where several different receptors may respond to the same compound and thereby provide redundancy of the trigeminal system (Saunders et al., 2013; Benemei et al., 2015) .
The chemically activated receptors include transient receptor potential (TRP) ionic channels (Bessac and Jordt, 2008; Benemei et al., 2015; Mickle et al., 2016) , which are non-selective cationchannels (Mickle et al., 2016) . The TRP receptors include TRPV1, which is activated by capsaicin and therefore previously termed capsaicin or vanilloid receptor (Caterina et al., 1997; Bessac and Jordt, 2008; Benemei et al., 2015) . The TRPV1 channel is also activated by low pH (protons) (Caterina et al., 1997) , ethanol (Trevisani et al., 2002) , cyclohexanone, benzaldehyde and eugenol (Saunders et al., 2013) , and by isophorone (Lehmann et al., 2017) . Further, the TRPV4 channel may play a role in formalin induced pain (Chen et al., 2014) . The TRPA1 channel is activated by oxidants and electrophilic compounds as acrolein, formaldehyde, hydrogen peroxide, hypochlorite, the tear gas chlorobenzylidene malononitrile (Bessac and Jordt, 2008; Benemei et al., 2015) , and by acetophenone (Lehmann et al., 2017) . Acids (protons) are also sensed by receptors, termed acid-sensing ion channels (ASICs), which also are cation-channels (Julius and Basbaum, 2001; Bessac and Jordt, 2008) . In contrast, the TRPM8 channel deviates from the TRPV1 and TRPA1 channels; it mediates a cooling sensation without involvement of TRPV1 and TRPA1 channels. TRPM8 is activated by menthol, icilin and eucalyptol (Benemei et al., 2015; Takaishi et al., 2016) . Furthermore, the pain mediating nociceptors include receptors for prostaglandins and histamine (c.f. Nielsen et al., 2007) and for acetylcholine (e.g. Alimohammadi and Silver, 2000) . Furthermore, activation of the nasal adenosine A2 receptor enhanced the trigeminal effect of TRPV1 and TRPA1 agonists (Willis and Morris, 2013) .
Activation of sensory irritant receptors constitute the afferent (bottom up) response, causing the nociceptive response, but also several efferent responses, which include decrease in respiratory rate, minute volume, CO 2 production, total metabolism and body temperature as shown for formaldehyde (Nielsen et al., 1999; Jaeger and Gearhart, 1982) and other compounds by Pauluhn (OECD, 2017) . Humans may not experience these efferent responses, why the animal efferent responses cannot be translated into a similar human response (OECD, 2017) . However, the efferent responses in animals are markers of afferent responses, which may be related to human nociceptive responses. The afferent responses may be similar in species as mice and rats. This may be supported from the apparent threshold of the decrease in respiratory rate in mice (RD 0 ), an efferent response in a sensitive species, and the electrophysiological threshold in the trigeminal nerves in rats (ED 0 ), a direct afferent response. As the efferent response cannot be more sensitive than the afferent response, we use the efferent response (RD 0 ) as a marker of the afferent response in mice. Both the RD 0 and the ED 0 were obtained by extrapolation to the threshold responses from the rectilinear part of the log concentration-effect relationships (Table 1) ; in these cases, the RD 0 values were from the maximum decrease within the reported time intervals. It is reasonable to assume that the relationship between the RD 0 and the ED 0 can be generalized as alkylbenzenes and alcohols have different receptive sites . Opposite to the afferent response, the efferent responses vary between species. For example, mice show a more prominent decrease in respiratory rate to formaldehyde exposure than rats (c.f. . Also, the decrease in body temperature was more conspicuous in mice compared to rats (Jaeger and Gearhart, 1982; OECD, 2017) . Overall, using an efferent response from an animal assay to predict a human nociceptive response requires that the bioassay has been validated and calibrated.
Attempts have been tried to design in vitro bioassays that express either the TRPV1 or the TRPA1 channels in oocytes and measure the agonist evoked current or the Ca þþ influx. A single channel could not explain the sensory irritation response, why several channels have to be studied if a bioassay should be useful as also mentioned by the authors (Lehmann et al., 2017) . Use of trigeminal neurone cultures offers another potential bioassay (Lehmann et al., 2017) . Such bioassays should consider the sensory irritation mode-of-action, where the distribution of the irritant is from the air phase to the receptive site (e.g. Alarie et al., 1998) . This cannot be mimicked by adding the irritant in a water vehicle without considering the distribution between air and the mucus phase. Currently, these approaches are not reaching the general requirement for a pre-validation stage of in vitro methods as described by ECHA (2016). The lower respiratory tract C and A d fibre activation may also cause adverse (pulmonary irritation) effects, including change of breathing patterns (Alarie, 1973; Chang et al., 2015; Nonomura et al., 2017) . Thus, activation by protons and capsaicin cause irritation in addition to cough and bronchoconstriction (Gu and Lee, 2011; Lee et al., 2013; Narula et al., 2014) . Recently, a review discussed additional effects of acrolein activation of lung PRPA1 receptors. These effects may change heart rate, cardiovascular parameters and trigger arrhythmic episodes, which may cause morbidity and increased mortality (Achanta and Jordt, 2017) .
Sensory irritation is a specific (neurogenic) endpoint. Thus, prevention of health effects from other endpoints is not guaranteed by prevention of sensory irritation itself. In consequence, OELs, standards or guidelines should not be set higher than a nonadverse sensory irritating effect, but may well need to be set lower due to other endpoints if they constitute the critical effects. In consequence, it has been recommended that toxicological studies in relation to OEL settings should begin with identification of the odour threshold and the sensory irritation effect (Dalton and Ja en, 2010) . Since 40% of the OELs are derived from sensory irritation, 60% constitute the other endpoints. Even in this case, information on sensory irritation is useful as an acute effect. This is especially the case for compounds, where no or little sensory irritation (warning) capacity is present at concentrations, which may cause severe systemic effects (e.g. by allyl chloride (Nielsen and Bakbo, 1985) ) or local airway effects (e.g. by diacetyl (Larsen et al., 2009) ). Such compounds are especially insidious, which has to be considered by risk management.
The derivation of OELs (Nielsen and Øvrebø, 2008; Brüning et al., 2014; Muttray et al., 2015) and indoor and outdoor standards or guidelines should prevent adverse sensory irritation in humans, i.e. not merely a negligible sensory irritation effect (e.g. freshness or cooling) or odour-driven effects at low concentrations.
Sensory irritating potency of compounds is established from three approaches, i) controlled chamber exposure studies, which is considered the "golden standard", although bias and confounding is possible), ii) experience from workplaces and environmental exposures where bias and confounding are similar to that in chamber studies with additional specific workplace and environmental circumstances, and iii) extrapolation from a mouse bioassay, the so-called "Alarie test/bioassay", see later for details.
Evaluation of sensory irritation

Characterization of exposed subjects
Personal characteristics have to be described as they may influence the study outcome Doty et al., 2004; Gaffney and Paustenbach, 2007) . For instance, there might be age differences in sensitivity; young subjects may be more sensitive then elderly individuals (Shusterman et al., 2003; Hummel et al., 2003) but not always observed (Naka et al., 2014) . In a study with nine compounds, sensory irritation thresholds were independent of age at seven compounds and lower at two compounds among the youngest subjects . Furthermore, age did not affect supra threshold intensity ratings . However, eye irritation symptoms depend on the precorneal tear film stability, which may influence the corneal receptor responses to mechanical, chemical and cold challenges as a better protection of the receptors may cause less irritation by these stimuli (Dienes et al., 2015) ; young subjects may have a more stable tear film and elderly women post menopause may have a less stable film (Wolkoff, 2017) . Nevertheless, the eye irritation threshold to CO 2 was increased by 65% in subjects aged 50e63 years compared with subjects aged 18e29 years (Kjaergaard et al., 1992) . However in the general population, effects of aging may be less clear as health status could contribute to differences (Nordin et al., 2012) . Thus, no generalization can be reached about influence of age on sensory irritation responses as both age dependent and age independent effects are frequently reported.
Smoking behaviour should also be reported as smokers may be less sensitive to sensory irritants (Dunn et al., 1982; Shusterman and Balmes, 1997) . Thus, in smokers the CO 2 detection threshold was increased by 44% (Shusterman and Balmes, 1997) . However, a difference between smokers and non-smokers is not always observed (Kjaergaard et al., 1992; Naka et al., 2014) .
Other characteristics include gender differences as, for example, females may be more sensitive (Ohla and Lundstr€ om, 2013) . Women may perceive sensory irritation more intense than men, not due to differences in irritant receptor sensitivity (bottom-up effect), but rather due to differences in cognitive processing (topdown effect) as women may allocate more attention to potential Table 1 Comparison of threshold responses (ppm) for sensory irritants in mice and rats. The threshold for the decrease in respiratory rate in mice (RD 0 ) is an efferent response in a sensitive species, used as a marker of the afferent response. The ED 0 is the electrophysiological threshold in the trigeminal nerves in rats, which is a direct afferent response. Exposure time is given in parenthesis. Nielsen and Alarie (1982) . b Silver et al. (1990) . c Kristiansen et al. (1986) . d Silver et al. (1986) . e Kristiansen et al. (1988) . f Hansen and Nielsen (1994a) .
noxious stimuli than men do (Ohla and Lundstr€ om, 2013) . Nevertheless, no gender difference was observed, for example, in a study of sensory irritation with formaldehyde (Lang et al., 2008) , with CO 2 exposure (Kjaergaard et al., 1992; Naka et al., 2014) , and a study with benzaldehyde and eucalyptol exposure (Hummel et al., 2003) . However, Shusterman et al. (2003) observed a greater sensitivity (lower threshold) in females exposed to CO 2 , but no significant difference of gender at irritation caused by n-propanol. Further, subjective ratings may be influenced by subject's characteristics, including "negative affectivity" Doty et al., 2004; Lang et al., 2008) . Overall, effects of age, smoking, gender, and differences between eye and nasal irritation have to be evaluated in relation to each specific compound and assessed for consistency across studies at setting a data driven assessment factor (AF) for standard or air quality guideline derivation.
Brief exposures, thresholds, and humidity
Subjective based irritation thresholds determined from brief exposures (often 2e3 s, but 10 s) is often set on detection among 50% of the subjects; assessments are usually carried out by comparison with a non-odorous (blank) air control exposure by means of a "forced-choice" judgement (Shusterman et al., 2003; Smeets et al., 2006; Wise et al., 2009) . A threshold may be biased by the odour of the compound (Smeets et al., 2006) that includes effects by familiarity with the odour, hedonic properties of the compound and belief about its threat to health (Smeets et al., 2006) ; usually odour thresholds are present orders of magnitude below the sensory irritation threshold (Doty et al., 2004; Cometto-Muñiz and Abraham, 2016) . Odour confounding may be overcome with anosmic subjects, by determination of the lateralization thresholds (the subject determines to what nostril a sensory irritant cue is present, but this is not the case with an odour cue (e.g. Petrova et al., 2008; Wise et al., 2009; Naka et al., 2014) ), or by determination of eye irritation thresholds, where the access of the airborne compound to the nose is prevented (Doty et al., 2004; Smeets et al., 2006) . Thresholds for eye irritation tend to be slightly lower than thresholds for the nose (Doty et al., 2004) .
The brief exposure thresholds are of limited direct relevance for setting of OELs or air quality guidelines for indoor and outdoor air. As these thresholds are established from brief exposures, they do not allow to build up an irritation response over a longer time period as shown, for example, by methyl isothiocyanate (Cain et al., 2010) . Thus, they cannot be extrapolated to longer exposures (Mons e et al., 2016) ; this was realized in the OEL setting for trimethylamine (SCOEL, 2017) . Nevertheless, the brief exposure thresholds may be useful for ranking of sensory irritant potencies (Nielsen et al., 2007) and thus, in setting of OELs by read-across evaluations. These are carried out by comparison of effects of structurally-similar compounds with similar properties to generate a sufficiently robust database for evaluation of a specific compound or a group of compounds as a single entity (ECHA, 2016) . Furthermore, the short-term studies may be valuable in mechanistic studies. For example, the lateralization threshold for exposure to wet and dry NH 3 showed no threshold difference (Mons e et al., 2016) . This is largely in agreement with a similar sensory irritation effect in rats exposed to wet and dry NH 3 , although a somewhat higher irritation effect of dry NH 3 was observed in mice (Li and Pauluhn, 2010) . Likewise, sensory irritation was unaffected in naive and ovalbumin-sensitized (allergic) mice exposed to formaldehyde in wet or dry conditions (Larsen et al., 2013) . This, however, might differ for human ocular irritation, where the stability of the precorneal tear film is a critical factor (Wolkoff, 2017) .
Controlled chamber studies
Chamber studies with human volunteers are preferred ("golden standard" (e.g. Petrova et al., 2008) ) for setting OELs, environmental standards or air quality guidelines where exposures include supra threshold irritation exposures; the major advantage is that they simulate (or mimic) real human exposure conditions. In a controlled chamber study, several of the key features for evaluations comprise: i) characterization of volunteers, ii) exposures conditions and iii) experimental methods.
Concentration and time-response relationships
A study chamber studies should have well-controlled climate conditions and exposure concentrations, which have to be clearly reported. Furthermore, exposure groups should comprise about !12 volunteers if three or more concentration levels are studied (Brüning et al., 2014) . Each exposure should last for several hours (Brüning et al., 2014) , which should allow evaluation of potential intensity changes over time as the intensity may be constant, increase (sensitization) or decrease (adaptation) over time (Doty et al., 2004) . However, at low concentrations without pathological effects, sensory irritation is considered to be concentration dependent and time-adjustment need not be applied (Brüning et al., 2014) . This was similar to NH 3 induced sensory irritation in rats where concentrations were below levels causing lung effects (Pauluhn, 2013) . The similar effect can also be illustrated from acetic acid exposure in humans at 0 (control), 5 and 10 ppm chamber concentrations for 2-h (Ernstgård et al., 2006). There was no consistent change in intensity of nasal irritation over time, whereas the odour intensity (mediated by the olfactory (I cranial) nerve (Shusterman, 2014) ) was maximum at the beginning of the study and decreased over time, in agreement with adaptation being a feature of odour effects (Gaffney and Paustenbach, 2007) . Similarly, in a 4-h controlled chamber study with exposures either to clean air, glycols and glycol ethers (35 mg/m 3 ) or glycols and glycol ethers (35 mg/m 3 ) plus NH 3 (15 mg/m 3 ), irritation of eyes, nose and throat increased during the first hour and thereafter roughly remained constant during the remaining part of the exposure period (Ernstgård et al., 2007) . Opposite in a study with acrolein, eye irritation increased over time (Claeson and Lind, 2016) . Also at exposure to acrolein, subjects with chemical intolerance reported increase in eye, nose and throat irritation with time. However, the self-reported tear film break-up time was unaffected (Claeson and Andersson, 2017) . A similar trend was seen with methyl isothiocyanate (Cain et al., 2010) , where both perceived eye irritation and the blinking frequency increased with increasing exposure time at high concentrations. However, an apparent adaptation occurred at extended exposure time. The time-dependent effect decreased at lower concentrations and no increase occurred below a certain concentration. This suggests that both time and concentration may play a role in time-dependent effects. Thus, both parameters are important at setting evidence based AFs.
Sensory irritation versus odour
Subjective irritation intensity should be rated (assessed) by means of an established rating scale (for scales, c. f. Doty et al., 2004) . However, the scales, especially in the low effect range, may not result in equivalent evaluations due to different sensitivity. Furthermore, there is no generally accepted cut point between adverse and non-adverse effects and therefore often set in a caseby-case manner. Intensity ratings may be confounded by the odour cue of the compound itself. This may introduce bias in studies, which have not been carried out single-or double-blinded.
This may, at least partly, be overcome by introducing the test chemical on a background of a low and non-irritating level of an odorous (masking) compound, an approach that was used, for example, in a study of sensory irritation of formaldehyde (Lang et al., 2008) and acrolein (Claeson and Lind, 2016; Claeson and Andersson, 2017) . Another means of distinguishing between odour and sensory irritation effects are by use of the power law as both the perceived sensory irritation and the odour intensity (j) follows the law: j ¼ k4 b , where 4 is the stimulus concentration, k is a compound specific constant and b is the slope. For nasal irritation, b is typically steep, whereas for olfaction it is typically shallow (Doty et al., 2004; .
Due to the limitations of the subjective ratings, modern chamber exposure studies often include objective tests. The commonly used objective tests include eye blinking frequency, tear production and nasal patency, which are reflex induced effects (Doty et al., 2004; Shusterman, 2014) . Additional tests are conjunctival redness, tear film break-up time and nasal lavage fluid composition, where the lavage fluid allows evaluation of inflammatory cells and biomarkers (Doty et al., 2004) . Furthermore, olfactory thresholds, nasal mucociliary transport and nasal secretion of cytokines have been studied (Muttray et al., 2015) . Both subjective and objective test results may be modified by stress (Pacharra et al., 2016) . Thus, the evaluation of sensory irritation effects has to integrate subjective and objective tests and personality characterization with the purpose of an overall conclusion. Furthermore, reliability of exposure-response relationships and their significance are crucial in toxicological studies, in general. An overview of evaluations is shown in Box 1.
Airway allergic individuals as a potential sensitive group
Subjects with and without allergic rhinitis had similar sensitivity to CO 2 as the sensory irritant. On the contrary, allergic subjects were the most sensitive to n-propanol (Shusterman et al., 2003) (See note in press).
A recent chamber study was conducted with allergic and nonallergic rhinitis subjects exposed to 2.5 ppm and 0e40 ppm (mean 20 ppm) NH 3 for 4 h. At similar NH 3 concentrations, there was no influence of allergy status on number of reported symptoms, symptom intensities, eye-blinking frequency, nasal congestion, and nasal lavage markers, including TNF-a and substance P. Furthermore, exhaled NO was unaffected by NH 3 exposures. The authors concluded that allergic rhinitis did not cause increased sensitivity to acute NH 3 exposure (Pacharra et al., 2017) . In another study, a short-term (10 s) exposure was used to determine eye and nasal lateralization thresholds in asthmatics and non-asthmatics exposed to NH 3 ; the thresholds did not differ between the two groups. Furthermore, at 30 s combined exposures of eyes and nose, no difference were observed in perceived supra threshold irritation intensity and neither was a difference observed in lung function (Petrova et al., 2008) . Similarly, a third study showed no clear difference of NH 3 on the lung function in asthmatics or nonasthmatics (Johansson et al., 2016) .
Eye irritation was rated in non-atopic and atopic volunteers exposed either to clean air, glycols and glycol ethers (35 mg/m 3 ) or glycols and glycol ethers (35 mg/m 3 ) plus ammonia (15 mg/m 3 ) for 4 h. The rated eye irritation in atopics was either similar to or lower than in the non-atopic controls (Ernstgård et al., 2007) . Several studies in asthmatics and non-asthmatics have shown similar bronchoconstriction and airway resistance to formaldehyde (c.f. Johansson et al., 2016) . This is supported by a study in mice, which were sensitized with ovalbumin and exposed to ovalbumin by inhalation for development of airway allergy. Naïve and allergic mice were then challenged by a limonene-ozone reaction mixture with a negligible residual ozone concentration. The mixture caused a pronounced sensory irritation response, partly due to formaldehyde being a reaction product. The reaction mixture caused a similar sensory irritation response in naïve and allergic mice (Hansen et al., 2016) .
Subjectively reported eye, nose and throat irritation to acrolein exposures were more prominent in subjects with chemical intolerance than in non-intolerant controls (Claeson and Andersson, 2017).
Sulphur dioxide is an experimentally established sensory irritant (e.g. Alarie et al., 1973) . However, the potency may be weak (Van Thriel et al., 2010) . Asthmatics were more sensitive to lung effects at exposures >1 mg/m 3 , especially by mouth-only inhalation (Johansson et al., 2016) . Sulphur dioxide deviates from NH 3 and formaldehyde, two prominent sensory irritants, among others by a lower water solubility (100 g/l at 20 C (Patty's Toxicology 2001)); the water solubilities of NH 3 and formaldehyde are 529 g/l at 20 C (IPCS, 1986) and~400 g/l at 20 C (WHO, 2010), respectively. At low NH 3 concentrations, inhalation deposition is mainly in the upper airways and little reaches the lower airways (IPCS, 1986), as known also for formaldehyde (WHO, 2010) . Sulphur dioxide is deposited both in the upper and lower airways in accord with several lower airway effects (IPCS, 1979) . Overall, the lower water solubility of SO 2 and the exacerbation of asthma by mouth breathing, suggest a direct lung effect and not a trigeminal effect, in agreement with Arts et al. (2006) . The exacerbation in asthmatics may be due to formation of leukotrienes (Gong et al., 2001 ) and reactive oxygen species (Gokirmak et al., 2003) . Overall, there is no consistent evidence to support that allergic rhinitis individuals or mild asthmatics should be more susceptible to effects of sensory irritation than non-allergic subjects. However, where possible a compound-by-compound evaluation may be relevant, which includes evaluation of deposition patterns, receptor activation mechanisms and concentration-dependent effects.
Box 1 Systematic evaluation of controlled chamber studies.
Is the exposure well characterized? Is the number of exposed subject sufficient for generalization? Are the participant's age, smoking behaviour and gender relevant for generalization? Is the exposure time sufficient for evaluation of timeresponse relationships? Is the sensory irritation effect stable, decreasing or increasing over time? Is odour a potential confounder? Is odour masking used to prevent confounding from the odour of the test compound? Are objective irritation tests (e.g. increased eye blinking, tear production and decreased nasal patency) supporting the subjective results? Are other markers (conjunctival redness, tear film breakup time and inflammatory cells in nasal lavage fluid) supporting the subjective results? Are sensitive groups involved? Is the exposure-response relationship significant and reliable?
Assessment (uncertainty) factors (AF)
When setting an AF for extrapolation from the lowest observed adverse effect concentration (LOAEC) to the no observed adverse effect concentration (NOAEC) in humans, it has to be considered that the exposure-response relationship is steep for sensory irritants; an AF of 3 was proposed by Brüning et al. (2014) and an AF of 2 by Nielsen et al. (2007) . Inter-individual differences (including sensitive groups) contribute, in general, insignificantly to chemosensory-mediated effects in healthy populations and an AF ¼ 1 was proposed (Brüning et al., 2014) . Taking all types of additional risk into account (age, gender, life style factors and diseases), an intraspecies factor could be accounted for by an AF of about 2 (Nielsen et al., 2007) .
Workplace exposures
Traditionally, occupational hygienists and occupational physicians have collected information on symptoms from workplace exposures (Nielsen and Øvrebø, 2008) . In general, many of these studies are not conducted as systematic studies and rather are from anecdotal reporting. More systematic information should be collected by questionnaires (Berglund and Lindvall, 1992; Kjaergaard and Hodgson, 2001) , or by subjective and objective methods similar to those used in controlled chamber studies (e.g. Kjaergaard and Hodgson, 2001) . Both the narrative, questionnaire, subjective and objective workplace data may be biased and confounded due to workplace circumstances, e.g. due to mixed exposures. Thus, sensitive workers may have left their workplaces because they experienced unacceptable, while less sensitive workers have remained (Paustenbach and Gaffney, 2006) . Further, a long-term occupational exposure may have influenced the sensory irritation sensitivity. Thus, in workers occupationally exposed to isopropanol, the lateralization threshold was nearly doubled compared with n€ aive controls, whereas no difference was observed with the closely related 1-butanol, suggesting a specific effect (Smeets and Dalton, 2002) . Nevertheless, the limitation of the study is clear from the first point in Box 1 as the study contains no quantitative exposure assessment of isopropanol; exposures may have been from low to high concentrations. Furthermore, with increasing molecular size the sensory irritation effects of alcohols show a regular increase in irritation effects in humans (ComettoMuñiz and Cain, 1991) . Additionally, sensory irritation increases with increased distribution from the air phase to a receptive phase in animals (Hansen and Nielsen, 1994a) . This regularity suggests that alcohols may be sensed at a common receptive site. Thus, it is not clear why there is a difference in sensitivity to the two very closely related alcohols.
Workplace exposures are often to mixtures, which may limit inference about effects of single compounds. Nevertheless, where reliable comparisons were available for workplace exposures and controlled chamber studies, they showed similar intensity at similar concentrations (Brüning et al., 2014) . Thus, in addition to evaluation of potentially specific bias and confounding at workplaces, evaluation of sensory irritation at workplaces is similar to evaluation of a controlled chamber study (Box 1).
The Alarie mouse bioassay
This method is the only standardized (ASTM, 1984) , validated and widely used animal bioassay, although other species, mostly rats, have been used for research purposes.
Bioassay
The bioassay is based on a trigeminal reflex, which was discovered by Kratschmer in 1870 (c.f. Alarie, 1973) , who showed that sensory irritants decreased the breathing (respiratory) rate. This reflex-effect was developed into a mouse bioassay (Alarie, 1966) . Later, the test was accepted as a standard method (ASTM, 1984) and more recent, the test was computerized, which allows determination of additional parameters as airflow limitation and pulmonary irritation (e.g. Vijayaraghavan et al., 1993; Vijayaraghavan et al., 1994; Alarie, 1998; Larsen and Nielsen, 2012) . The description of the "Alarie test" and potential for development of quantitative structure-activity relationships are available from the Eminent Toxicologist Lecture Series from the Society of Toxicologists in 2016 (accessed September 29, 2016): http:// www.toxicology.org/education/edu/eminent.asp.
Quantitative Structure-Activity Relationships (QSARs) have been reasonably successful in predicting sensory irritation for nonreactive solvent-like compounds and may offer reasonable estimates (c.f. Nielsen et al., 2007) and thus fulfilling requirements for useful QSARs (ECHA, 2016) . In contrast, prediction of sensory irritation of reactive compounds requires knowledge about organic reaction kinetics and thus may be much more complicated (e.g. Alarie et al., 1998) . Progress may have been made, although no simple algorithm was reported that can estimate sensory irritation of specific compounds (Gupta et al., 2015) .
Respiratory patterns are measured by body plethysmography. In mice, sensory irritants cause a break (TB) between the end of the inspiration and the beginning of the expiration. The TB elongation is a specific marker of sensory irritation and TB increases monotonically with increasing irritant concentration. In consequence, the breathing rate decreases with increasing exposure levels. The bioassay uses the concentration, which decreases the respiratory rate by 50% (RD 50 ) as a point of departure for prediction of the sensory irritation in humans. The RD 50 value is obtained from several exposure concentrations where each concentration level has a group size of !4 mice. Exposures are from 10 min to several hours, but commonly for 30e60 min. The preferred strain is SwissWebster mice (ASTM, 1984) , but several other strains have similar sensitivity (Schaper, 1993; Nielsen et al., 2007) . For each concentration, the maximum decrease during a 1-min period is used for construction of the exposure-response relationship and the RD 50 value and its 95% confidence limits are estimated by linear regression analysis.
Variation between test results
Some studies have reported RD 50 values for the same compound and from these results, it appears that the ratio between the lowest and the highest value, in general, is from less than 2 and up to 3 (e.g. the RD 50 values in Kuwabara et al., 2007) . Where several values are available, a single estimate (mean, median or geometric mean) may provide the most accurate estimate, if none of the studies are considered biased; for instance, due to inaccurate exposure concentrations. Thus, evaluation of RD 50 values should always comprise an assessment of the quality control and quality assurance of the exposure concentration (see Box 2).
Extrapolation to humans
The American Threshold Limit Values (TLVs) were shown to correlate with the corresponding RD 50 values for 23 data pairs (Alarie, 1981) . This relationship, TLV~0.03 Â RD 50 , may be used to predict sensory irritation effects at workplace exposures. Shortly after, it was shown that the relationship was able to predict the sensory irritation in humans by alkylbenzenes (Nielsen and Alarie, 1982) . The relationship was later extended to 89 data pairs, which covered a concentration range of six orders of magnitude (Schaper, 1993) . A comparison between the human sensory irritation effects and the corresponding 0.03 Â RD 50 values for acetone, formaldehyde, furfural and SO 2 ranked the compounds similarly with an overall agreement between human and mice data (Arts et al., 2006) . Also more recent studies have supported the relationship (for refs, see Nielsen et al., 2007) . Further support of the validity of the test for prediction of sensory irritation in the general population has been provided by the California Environmental Protection Agency. RD 50 values were compared with the corresponding human LOAECs for the irritation effects and the Agency's acute reference exposure levels (RELs); these are 1-h acute exposures "based on the most sensitive, relevant, adverse health effect reported in the medical and toxicological literature". The Agency concluded that RD 50 values were strongly correlated with both LOAECs and RELs and thereby supporting the use of RD 50 values in establishing levels to protect the general population from sensory irritants (Kuwabara et al., 2007) . As the efferent responses depend on the animal species, the RD 50 values in mice are not, in general, equivalent to RD 50 values in other species. Recently, the EU Scientific Committee on Occupational Exposure limits (SCOEL) has used the relationship and the estimates as supporting evidence of the OEL proposed for trimethylamine (SCOEL, 2017) and for setting a common OEL and a common Short Term Exposure Limit (STEL) for a series of butyl acetates due to similar RD 50 values (SCOEL, 2016a) .
Also the extrapolated threshold from the sensory irritation response (RD 0 ) from the rectilinear part of log concentration-effect relationship in mice has been proposed for risk assessment, especially for compounds where the RD 50 cannot be reached (i.e. compounds with a low intrinsic activity) or where the concentration-effect relationship has an anomalous low slope (Nielsen et al., 1985; Nielsen, 1991) . As many sensory irritants have an approximately equal slope of the log concentration-effect relationship, a mean slope was estimated from the 25 compounds reported by Alarie (1981) , being 59.63 with a S.D. ¼ 21.45 and a range from 25.76 to 114.41. This mean slope was used to estimate the mean relationship between RD 50 and RD 0 , RD 0 ¼ 0.15 Â RD 50 , and thus the mean relationship between the RD 0 and the TLV was TLV ¼ 0.2 Â RD 0 (Nielsen et al., 1985; Nielsen 1991) ; written in the form of an assessment factor (AF) the TLV ¼ RD 0 /AF ¼ RD 0 /5. The log concentration-effect relationships, where the effect is taken as the percentage decrease in respiratory rate (E A ), is a transformation of an exposure-effect relationship where it is assumed that the response follows a Michaelis-Menten like dynamics with a maximum response of E Amax , an apparent dissociation constant of K D,app , an air concentration of [A] air and further assuming that E A is proportional to the number of agonists occupying the irritant receptors. The Michaelis-Menten like dynamics writes:
Both the log concentration-effect relationship (e.g. Alarie, 1981; Hansen and Nielsen, 1994b) and the Michaelis-Menten dynamics (e.g. Hansen and Nielsen, 1994b) are able to describe the decrease in respiratory rate at an effect causing a decrease of !10%. However, none of the two relationships imply a no effect level (NOEL). In the log transformation, the RD 0 is theoretically related to the K D,app and not to the NOEL (c.f. Hansen and Nielsen, 1994b) . However, the log transformation is anomalous in the very low effect range as it does not follow an S-shaped relationship without a NOEL. This is in contrast to the electrophysiological afferent response in the trigeminal nerve by irritant exposures in rats (Silver et al., 1990 ). The rectilinear relationship at the low concentrations of log concentration-effect relationship empirically passes through the RD 0 (e.g. for toluene and isopropylbenzene (Nielsen and Alarie, 1982) ). This suggests that the RD 0 empirically may be a NOEL for the reflex decrease in respiratory rate due to sensory irritation in mice. However, if using the AF-approach and the RD 0 to set OELs, it has to be considered that the RD 0 is a NOEL for induction of a protective reflex and thus RD 0 needs not be equivalent to the NOAEC in humans. To qualify this discussion, the RD 0 of NH 3 (42 ppm) was compared with the human NOAEC derived from three chamber studies. In this case the human NOAEC was approximately two times lower than the RD 0 , and thus an assessment factor of two may in this case be used to derive an OEL (Nielsen et al., 2007) . However, if using an additional factor of two, sufficient for accounting for intra human differences (Nielsen et al., 2007) , the combined factor (2 Â 2) would be approximately equal to the AF of 5 derived from the mean relationship. The AF of 5 is similar to the general relationship from setting an occupational DNEL~NOEL/5 (ECHA, 2012, p 32). Thus, the AF for extrapolation from the RD 0 to an OEL has to be qualified in a case-by-case manner if using the RD 0 as the point of departure.
Although not validated, it has been proposed to set STEL values for sensory irritation from the relation STEL ¼ 0.1 Â RD50 (Gagnaire et al., 2002) . Thus, the STEL would be about three times higher than the irritation-based OEL. This seems to have a sound theoretical basis as the concentration-effect relationships for sensory irritants have a steep slope in general (e.g. Alarie, 1981) . Thus, the proposal for an OEL and a STEL for peroxyacetic acid were based on the RD 50 value (Pechacek et al., 2015) .
Some deviations between species may always be expected in toxicological tests. However, few such deviations are known for extrapolation of sensory irritation from mice to humans. In mice, nasal tissue contains a higher cytochrome P450 (CYP450) activity than in humans. Thus, styrene and naphthalene caused sensory irritation in mice due to their CYP metabolites, which activated the TRPA1 receptor. Styrene and naphthalene were less irritating in humans due to a lower production of irritating metabolites (Lanosa et al., 2010) . Furthermore, inhaled esters may be cleaved in the airways by carboxylesterases and the free acid may be the dominating irritant at ester exposures. As rodents have a higher carboxylesterase activity than humans (Brüning et al., 2014; Muttray et al., 2015) , rodents may produce more of the dominating irritant and thereby be more sensitive than humans. This has been suggested in a mouse study with methyl formate where the predicted potency was higher than irritation observed in human chamber studies. However, taking the differences in esterase activity into account the results were overall in fair agreement (Larsen and Nielsen, 2012) .
Irrespective of the differences in carboxylesterase activities, RD 50 values for esters have been used for setting an OEL (SCOEL, Box 2 Systematic evaluation of the mouse (Alarie) bioassay.
Are the exposure system and exposure levels well described and reliable? Is the study conducted with the preferred Swiss-Webster mice or a strain with a similar sensitivity? Is the number of mice at each test concentration ! four mice? Is the number of exposed groups sufficient to establish a concentration-effect relationship? Is the exposure time sufficient to allow description of the time-effect relationship? 2016a). Thus, SCOEL classified isomeric butyl acetates with approximately similar RD 50 values in the same group; it was assumed that the isomers would show similar sensory irritation potency in humans. For this group of compounds, a common OEL was set by read-across of the human data, allowing a sufficiently robust database for setting a common OEL.
The REACH legislation disregards the Alarie bioassay. Thus, "classification in STOT SE Category 3 for respiratory tract irritation is generally limited to local cytotoxic effects" (ECHA, 2017, p.185) . And, "In principle, sensory irritation can be observed also in animals as a decrease of the respiratory rate (Alarie assay). However, the quantitative use of these data is not generally accepted and therefore, data from this assay should be used on a case-by-case basis as an acute effect to derive a short-term (15 min) DNEL only" (ECHA, 2012, p. 111) . Furthermore, "Use of data on sensory irritation from the Alarie test may on a case-by-case basis be used for a short-term DNEL-value; and should including weighing of all available human and animal data on sensory irritation. The concentration inducing a reduction in respiratory rate of 10% (i.e., the RD 10 ) is proposed as the threshold concentration for inducing a reduced respiratory rate in mice, which can be used as a starting point to derive a threshold for a biological significant sensory irritation in humans (10) [referring to a Dutch report by Bos]. Dependent on the available substance-specific data, the default AF(s) may be adjusted" (ECHA, 2012, 114) . Furthermore, "The interspecies AF [assessment factor] of 2.5 proposed below aims to capture some of the uncertainty caused by this difference between animal and human data. It should be reminded that several of the current OELs are based on respiratory irritation and therefore this endpoint might be the leading health effect in the risk characterization (ECHA, 2012, p. 111) ." It is surprising to note that the ECHA interpretation of the Alarie test is not reflected in substantiated proposals or studies reported in the open peer reviewed literature.
This may be due to a misunderstanding of the sensory irritation endpoint by the TNO Nutrition and Food Research group (Bos et al., 2002) , who concluded: "No relation was found between the sensory irritation potential (as measured by the Alarie test) and local tissue damage (histopathological changes) in the respiratory tract after single or repeated exposure. It was concluded that the Alarie test is inappropriate to evaluate respiratory tract irritation. In addition, the available data do not support a quantitative potency ranking for man based on the RD 50 obtained with experimental animals". In the Bos et al. (2002) article, it is stated (Table 1) that 257 ppm NH 3 causes no histopathological effect in mice at exposures 6 h/day for 4 days. Thus, setting an OEL exclusively based on histopathology is not a sustainable approach; the human sensory irritation threshold is about 20 ppm (Nielsen et al., 2007) . Unfortunately, this study failed to distinguish between cytotoxicity and neurogenic effects. Finally, ECHA is in conflict with the recent deliberation of OECD (2017). If protection of humans is intended, humans have to be protected against cytotoxicity as well as against sensory irritation.
Conclusion
Both human and animal studies need to be quality assessed if the data are used in standard or guideline settings. We outline a systematic approach to these processes for evaluation of sensory irritation data that are either directly obtained in human exposure studies or extrapolated from the Alarie bioassay.
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Note in press
Recently Van Gerven, L., Alpizar , Y.A., Steelant, B. et al. (2017) have published an article in J. Allergy Clin Immunol. 140, 437-46. This paper showed that idiopathic rhinitis patients had increased sensitivity to allyl isothiocyanates, a PRPA1 receptor agonist.
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